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ABSTRACT 
Recent trends in forest management regimes seek to strike a balance between a 
multitude of ecologic and economic values at multiple scales.  Whether the objectives are 
traditional (timber production), or contemporary (ecological sustainability), the 
fundamental, practical question of “how” the forester implements a silvicultural 
prescription remains relatively unaddressed by research.  Forest managers must consider: 
what good are carefully designed landscape plans and stand-level prescriptions if the 
treatments are not executed accurately?  In northeastern North America, tree marking -- 
the simple designation of cut or leave trees to implement a given silvicultural prescription 
-- has declined, in favor of reliance on machine operators to implement written or verbal 
prescriptions.  This study is among the first to explore the costs and benefits of tree-
marking in complex mixed-species stands typical of the Acadian region.  Specifically, we 
seek to determine if: 1) investment in tree-marking will accomplish prescription 
objectives more accurately than relying on equipment operators to implement written or 
verbal instructions and 2) how tree-marking influences residual stand damage.  Logistic
 regression and ANOVA indicated that tree-marking increased the accuracy of 
prescription implementation.  We suggest that operators had no trouble with quantitative 
prescriptive items such as basal area (BA) target, or making prescriptive selections that 
involved clear choices, like rare species and/or large diameter individuals.  More 
qualitative decisions among preferred species were implemented less accurately. 
Additionally, tree-marking and stand type (mixedwood or hardwood) were found to 
influence the probability of residual stand damage, perhaps due to the combination of 
species harvested and operational challenges posed by marking paint. Contrary to 
expectations, tree marking had absolutely no affect on harvester productivity.  Finally, we 
acknowledge that both improvements in prescription presentation and additional methods 
learned during the study will assist researchers in future studies of this subject.   
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CHAPTER ONE:  IMPLEMENTING COMPLEX  
PARTIAL-HARVEST PRESCRIPTIONS IN  
CENTRAL MAINE: IS TREE 
 MARKING NECESSARY?  
Introduction 
There is a collective desire for society to move towards forest management 
regimes that encompass multiple values at multiple scales.  Many researchers have 
discussed concepts for managing forestlands for multiple benefits (e.g.: Franklin 1989 
("New" Forestry); Benecke 1996 (ecological silviculture); Szaro and Johnston 1996 
(biodiversity in managed landscapes); Kohm and Franklin 1997 (ecosystem 
management); Seymour and Hunter 1992 (Triad concept); Seymour and Hunter 1999 
(ecological forestry); Lähde et al 1999 (diversity-oriented silviculture); Franklin et al 
2002 (stand development following disturbance and silvicultural implications); 
Lindenmayer Franklin 2002 (multi-scale approach to conserving forest biodiversity); 
Gamborg and Larsen 2003 ("Back to Nature" forestry); Puettmann et al 2009 (silviculture 
and complex adaptive systems); etc). 
Clearly, there are numerous theories that may achieve multiple goals at the stand 
and even landscape levels.  Regardless of whether the objectives are traditional (timber 
production), or contemporary (ecological sustainability), the fundamental, practical 
question of “how” the forester implements a silvicultural prescription remains relatively 
unaddressed.  Forest managers must consider: what good are carefully designed 
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landscape plans and stand-level prescriptions if the treatments are not executed 
accurately? 
Over the past 30 years, traditional hand-felling/winch-line skidder logging 
systems have been increasingly replaced by highly mechanized and automated systems.  
While operations are certainly more productive with advances in technology, they are 
much more expensive as well, and it is not uncommon to have at least a million dollars of 
equipment on a given logging chance.  Decreases in product value coupled with increased 
logging costs have further exacerbated the need for increased woods productivity and 
lower management costs. 
Of the many cost savings avenues that companies, agencies and non-profit 
organizations have explored, timber marking -- the simple designation of cut or leave 
trees in a given silvicultural prescription -- has become an increasingly popular target of 
budget frugality. Instead of silvicultural decisions being made by a trained professional 
on the ground, prescriptions are often being implemented from the cab of a machine.  It is 
unclear, however, if this most fundamental and specialized of forester functions is 
justifiably put into the hands of an operator, and is routinely debated among foresters, 
contractors and executives alike. 
Many authors have pointed out the importance of marking.  For instance, Leak 
and Gottsacker (1985) emphasized the necessity of marking uneven-age prescriptions in 
New England, stating that, “stand diagnosis and prescription come to naught if marking 
objectives cannot be carried out accurately in the field.”  Worthington and Stabler (1961) 
pointed out that “marking is the key to successful thinning.”  Textbooks commonly used 
in college-level forestry curricula instruct students on how to build marking guides 
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(Nyland 2002) and describe the importance, mechanics, costs/benefits and methods of 
marking and leading timber marking crews (Smith et al 1997). 
Although textbooks have long stressed the benefits of tree marking, Egan and 
Phillips (2006) point out that, “the peer-reviewed literature contains little on the 
silvicultural outcomes or logging efficiencies associated with marking/not marking forest 
stands before harvest.”  Only a couple of articles were found directly addressing the topic 
while researching for this study; Yeo and Stewart (2000) found that operator selection did 
not compromise residual stand quality (prescriptive items were spacing and defect 
removal) in radiata pine plantations in Australia.  Cimon-Morin et al (2010) compared 
tree marking vs. operator selection in a selection prescription in the boreal forest of 
Quebec and found no differences (in basal area, quadratic mean diameter, tree vigor, 
stand composition, etc) between the implementation methods.  Egan and Phillips’ (2006) 
survey study also highlighted the divergent opinions between professional foresters and 
loggers regarding the effectiveness of tree marking in Maine.  They found that 80 percent 
of responding foresters (private industry, public, and consulting sectors), “cited better 
control over the quality of the stand,” when asked why they marked trees prior to harvest.  
Approximately 46% of loggers surveyed, however, indicated that the silvicultural 
outcomes were about the same without marking.  
Maine is located in what is known in the northeastern United States as the 
Acadian Region, a transition zone between northern hardwood forest and the northern 
boreal forest type.  So-called mixedwood stands, characterized by a diverse mixture of 
both hardwood and softwood tree species, dominate the region. Mixedwood stands are 
often heterogeneous in structure as a result of the individual species ecologies, past 
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management activities, natural disturbances and site characteristics. Not surprisingly, 
silvicultural systems in mixedwood stands are complex, and may be difficult to 
implement even for a seasoned professional forester or harvest operator.  
Following extensive clearcutting due to a massive spruce budworm outbreak in 
the 1970s and 80s, the general public and environmental organizations raised concerns 
over the management of Maine’s forests. As a result of these concerns, the Maine Forest 
Practices Act (MFPA) was passed in 1990. The Act regulated only clearcut harvesting, 
defined as any residual stand with less than 30 square feet of basal area without a well-
established understory (Maine Forest Service, 2004). “Partial” harvesting, including 
complete shelterwood removal cuttings that release tall advance regeneration, are not 
restricted in any way. In response to these regulations, as well as changing ownership 
patterns and other factors, partial harvesting increased (Figure 1.1), and since ca. 2001, 
has accounted for over 90% of all harvest footprint. Although much of this harvesting is 
overseen by foresters, at least on larger commercial ownerships, anecdotal evidence 
suggests that tree marking is rare, and that most prescriptions are implemented by 
harvester operators (heretofore termed “operator selection”). The degree to which 
silvicultural objectives might be “compromised” by this trend away from tree marking 
has not been studied. 
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Figure 1.1:  Partial and clearcut harvest acreage trends from 1988 to 2009 in Maine. 
(Numbers compiled from Maine Forest Service Silviculture Activity Reports, 1996-
2009). 
 
 
Study Objective: 
This study is among the first to quantify the effects of tree-marking relative to 
operator selection in mixed-species stands.  Specifically, it seeks to determine if tree-
marking will accomplish prescription objectives more accurately than relying on 
equipment operators to implement written or verbal instructions. 
Hypotheses: 
Null Hypothesis #1: The probability that a residual tree, as specifically designated 
in a detailed silvicultural prescription, will be harvested is no different where tree-
marking is used to implement the prescription (i.e., marking does not matter; operators 
will always make the same choices as foresters). 
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Null Hypothesis #2: The probability that a cut-tree, as specifically designated in a 
detailed silvicultural prescription, will be left is no different where tree-marking is used 
to implement the prescription (i.e., marking doesn’t matter; operators will always make 
the same choices as foresters). 
Null Hypothesis #3: Tree-marking will have no effect on the quantitative 
accuracy (percentage of basal area removed) of a partial harvest prescription.  
Null Hypothesis #4: Tree-marking will have no effect on the overall quantitative 
agreement of pooled cut/leave decisions (ie, there will be no difference in the percent 
agreement of prescriptive choices (plot level) regardless of marking.) 
Methods 
Study Areas 
The study was conducted at two sites located in central Maine.  Site #1 was 
located on the Penobscot Experimental Forest (PEF) approximately 3.5 miles southeast of 
Orono, ME.  The PEF is characterized by generally flat to rolling hill topography, and 
tree species consist of those typical of the Acadian Region. Specifically, the area of the 
study site consisted of an approximately 25-acre stand composed of two sub-types: 
hardwood (HW) and mixedwood (MX). The slope is relatively level, sloping northeast at 
approximately 5-10%.  Neither sub-type showed evidence of disturbance for many 
decades, and their structures are likely an artifact of fuelwood cutting prior to the 
establishment of the PEF ca 1950.  Pre-study data collection indicated that site index for 
white ash was 75-80, with individual age measurements as old as 115.  Large eastern 
hemlock individuals were older and age measurements indicated a possible release 
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around 1895.  Species composition was remarkably diverse for an Acadian forest stand, 
with 12 tree species represented in each sub-type (Figure’s 1.2 and 1.3).   See the List of 
Abbreviations for species referred to in Figures 1.2, 1.3 and 1.4.  Overall pre-harvest 
descriptive mensurational statistics for both sites are provided in Table 1.1. 
Figure 1.2: Pre-harvest stand structure for PEF HW. 
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Figure 1.3: Pre-harvest stand structure for PEF MX. 
 
Table 1.1:  Mensurational statistics of the pre-harvest stands. 
Site Type TPA BA/AC (ft
2
) QMD (in) 
PEF HW 273 141 9.7 
  MX 256 137 9.9 
Bradley MX 283 135 9.3 
 
 
Site #2 (Bradley) was located on land owned by the State of Maine Bureau of 
Parks and Lands approximately nine miles northeast of Orono, ME. Both topography and 
vegetation of the area were similar to that of the PEF study area. The study site was 
approximately 12 acres, consisting entirely of mixedwood, and had no apparent aspect or 
slope (flat).  Like the PEF site, there was no indication of disturbance in recent decades 
Pre-study data collection indicated lower site index values for white ash (60-70), with the 
oldest individual measured at 106.  A total of 13 tree species were represented on the site  
(Figure 1.4).  Descriptive mensurational statistics are provided in Table 1.1. 
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Figure 1.4: Pre-harvest stand structure for Bradley MX. 
 
Experimental Design: 
Layout/Plots 
Boundaries for the study areas were delineated using flagging in Spring 2012. 
Sub-types (HW and MX) and areas unsuitable for the study (perennial seeps on the PEF 
site) were also identified.  Trail “units” – rectangular zones extending 40 feet on either 
side of the forwarder trail -- were then flagged parallel to one another across each site on 
an 80-foot spacing (Figure 1.5). 
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Figure 1.5: Study design for each site. 
 
 
Groups of three successive trail units constituted a block (Figure 1.5).  Each trail within a 
block was randomly assigned a prescription designation of: 1) Marked (M), 2) Non-
Marked (NM), or 3) Diameter-Limit (DL).  While this study is primarily concerned with 
exploring differences due to marking (M and NM), which we will call the “prescribed” 
treatments, the DL treatment was implemented to compare harvest productivity between 
complex (M/NM) and simplistic (DL) prescriptions.  Trails were flagged up the center 
from the main trail road to within approximately 40-feet of the back line of each trail.  
Main trails (trails connected to all trail units and to the landing) were also designated with 
flagging. 
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Plots 
Within each trail unit, 0.1-acre rectangular plots (80-feet wide x 54.5-feet long) 
were established, centered with their short axis parallel to the flagged trails.  Starting 
from the boundary flag line designated as the outer edge of the main trail, a plot location 
was randomly selected from one of four possible locations within every 218-foot 
(54.5*4) segment along the longest trail unit within a block (Figure 1.5), thereby giving a 
25% sample of the site by area.  Corners were established with 24-inch long pieces of 
1.5-inch diameter pvc pipe, 54.5-feet apart within the segments along the trail unit lines.  
All but approximately 2-inches of the pvc pipe was driven into the ground. Plots were 
extended perpendicularly across the rest of the block (the other two trails), essentially 
creating a “strip” of 3, 0.1 ac plots (Figure 1.5).  Table 1.2 summarizes the number of 
plots utilized for analysis during the study. 
Table 1.2:  Summary of plots analyzed by Site and Treatment. 
  
Hardwood Mixedwood 
Marked 
Non-
Marked 
DL Marked 
Non-
Marked 
DL 
PEF 8 8 8 7 7 5 
Bradley N/A N/A N/A 5 5 5 
 
 
Each plot was stem-mapped using a Haglof Postex.  The Haglof utilizes 3 
ultrasound sensors to triangulate its tripod center.  A 24-inch long piece of 1.5-inch 
diameter pvc pipe was used to monument the location of the center of the Haglof tripod.  
A nested (100 point minimum), uncorrected GPS point was collected at this location with 
a Trimble GeoXT handheld unit via TerraSync software.  GPS corrections were later 
made in the lab via GPS Pathfinder Office.  Plot data were collected clockwise from due 
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North.  For each tree, species and diameter at breast height (4.5-feet) to the nearest 0.1-
inch were collected manually. Using the Haglof, the angle (to the nearest degree) and the 
distance (to the nearest 0.1-foot) to each tree from tri-pod center were recorded as well.  
Using the corrected GPS point and the distance and angle from tri-pod center to each tree, 
spatial coordinates (lat/long) were established for each stem via trigonometry. 
Prescription 
All plot data were entered into the USDA’s Forest Vegetation Simulator (FVS). 
Potential silvicultural treatment options were evaluated using FVS, objectives from the 
landowners, knowledge gained by reviewing the sites on the ground, and existing 
literature.  By way of this evaluation, a silvicultural prescription was developed for each 
site (Figure’s 1.6 and 1.7).  These prescriptions applied to M and NM treatments only; the 
third treatment (DL) was designed to leave the same residual basal area by cutting “from 
the top down”, and thus consisted of a diameter limit for each species.  The DL 
prescriptions were established by matching the planned residual BA/species to those of 
the M/NM FVS runs (ie, residual BA was planned to be the same by species across 
treatments but was distributed across smaller diameter classes).  
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Figure 1.6:  Prescription generated for the PEF site. 
Costs and Benefits of Rigorous Silvicultural Prescription 
Robert Seymour, Sam Grimm (Jan. 2013) 
PEF prescriptions: 
Prescription for marked and non-marked trails: 
 
Silviculturally, this prescription is mostly an improvement cutting, favoring well-formed hardwoods and 
removing poorly formed (UGS) and short-lived intolerant hardwoods. A secondary goal is to gradually 
improve the long-term stocking of valuable conifers (spruce, hemlock, pine) which are currently rare. 
 
1. Achieve an overall removal of 40% by basal area, excluding trails.  (Actual removal will be higher.)  
Target residual BA = 80-85 ft2 per acre. 
2. Remove non-sawlog unacceptable growing stock (UGS) hardwoods below 20” dbh (except smooth 
barked healthy beech), including red maple sprout clumps. 
3. Remove smaller-dbh white ash and basswood with low live-crown ratios.   
4. Removal all short-lived intolerant hardwoods (paper birch, aspen) unless needed to meet item 8. 
5. Remove all merchantable fir. 
6. Remove all hemlock over 18” dbh unless needed to meet item 8. 
7. Release well-formed acceptable growing stock (AGS) hardwood crop trees on at least 3 sides. 
8. Leave 4 trees per acre (or 10 ft2 of basal area) of trees 20” and larger, favoring those with wildlife 
cavities, nests, or other obvious wildlife usage (except porcupine hemlocks). 
9. Retain all rare, valuable hardwoods (yellow birch, red oak) and conifers (red spruce, white pine) 
Prescription for all DL trails: 
 
1. Remove all merchantable balsam fir and paper birch. 
2. Remove all eastern hemlock 13 inches and larger. 
3. Remove all sugar maple 12 inches and larger. 
4. Remove all red maple 10 inches and larger. 
5. Remove all merchantable beech except smooth-barked stems. 
6. Remove all white ash 13 inches and larger. 
7. Remove all bigtooth aspen 16 inches and larger. 
8. Remove all basswood 17 inches and larger. 
Order of Harvesting: 
1. Cut the Non-marked (NM) silvicultural prescription first based on the first set of criteria (1-9) above. 
2. Cut the Marked (M) silvicultural trails second (cut blue-spotted trees). 
3. Cut the Expedient (DL) trails last. 
 
 
 
  
 
14 
Figure 1.7: Prescription generated for the Bradley site. 
Costs and Benefits of Rigorous Silvicultural Prescription 
Robert Seymour, Sam Grimm (Jan. 2013) 
Bradley BPL prescriptions: 
Prescription for rigorous marked and non-marked trails: 
 
Silviculturally, this prescription is mostly an improvement cutting, favoring well-formed hardwoods and 
removing poorly formed (UGS) and short-lived intolerant hardwoods. A secondary goal is to gradually 
improve the long-term stocking of valuable conifers (spruce, hemlock, pine) which are currently rare. 
 
1. Achieve an overall removal of 40% by basal area, excluding trails.  (Actual removal including trails 
will be higher.)  Target residual BA = 80-85 ft2 per acre. 
2. Remove non-sawlog unacceptable growing stock (UGS) hardwoods (except smooth barked healthy 
beech), including red maple sprout clumps. 
3. Remove small-diameter white ash with low live-crown ratios.   
4. Remove all short-lived intolerant hardwoods (paper birch, aspen) unless needed to meet item 8. 
5. Remove all merchantable fir and ironwood (eastern hophornbeam). 
6. Remove all non-sawlog hemlock and white-cedar over 10” dbh unless needed to meet item 8. 
7. Release well-formed acceptable growing stock (AGS) hardwood crop trees (mainly maples, yellow 
birch, white ash) on at least 3 sides. 
8. Per BPL legacy-tree policy, leave 2 trees per acre (or 5 ft2 of basal area) of trees 18” and larger, 
favoring those with wildlife cavities, nests, or other obvious wildlife usage.  (There are very few such 
trees here, so practically speaking, all were left when marking.) 
9. Retain all rare, valuable hardwoods (red oak) and conifers (red spruce, white pine) 
Prescription for all DL trails: 
 
1. Remove all balsam fir, paper birch, aspen, and hophornbeam. 
2. Remove all eastern hemlock 10 inches and larger. 
3. Remove all sugar maple 14 inches and larger. 
4. Remove all red maple 14 inches and larger. 
5. Remove all beech >5-inches except smooth-barked trees. 
6. Remove all white ash and yellow birch 16 inches and larger. 
7. Remove all cedar 14 inches and larger. 
Order of Harvesting: 
1. Cut the Non-marked (NM) silvicultural prescription first based on the first set of criteria (1-9) above. 
2. Cut the Marked (M) silvicultural trails second (cut blue-spotted trees). 
3. Cut the Expedient (DL) trails last. 
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Marking 
Treatments were randomly assigned to trails within each block.  For each M trail, 
the prescription was implemented using blue marking paint to designate all of the trees to 
be cut at both sites. Trees were marked with an approximately 2-inch band all the way 
around the bole at eye level, as well as the stump to aid in post-harvest assessment. Plots 
were revisited post-marking and each tree was coded in the plot data as: 0=residual, or 
1=cut. 
In the NM trails, the operator was given the written prescription (PEF Example, 
Figure 1.6) and instructed to follow it as closely as possible.  To capture cut/leave choices 
before harvest on NM plots without revealing choices to the operator, NM plots were 
revisited and were what will be referred henceforth as “ghost”-marked.  Each tree on NM 
plots was coded (Marking Code) in the plot data as: 0=definite leave-tree, 1=definite cut-
tree, 2=likely cut-tree, or 3=either cut or leave-tree.  All DL trails were not marked and 
should not be confused with the NM treatment as they were not part of the analysis below 
other than comparison of production data. 
Harvest Operations 
Both sites were harvested in January/February of 2013. Both operations utilized 
cut-to-length harvesting systems: feller/processors and forwarders.  Forwarders were 
similar on both sites. On the PEF site, a Ponsse Ergo dangle-head harvester/processor 
was utilized, while a Valmet 425 fixed-head harvester/processor was used on the Bradley 
site.  Each site had a separate pair of operators.  Operators were given a briefing of the 
prescription objectives and associated details, then were allowed to ask clarification 
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questions prior to harvesting.  Additionally, operators were allowed to inspect M trails to 
get a visual sense of the prescription, but were required to harvest all NM trails first to 
avoid any “training” effects.  DL trails were harvested last.  Operators were not given 
feedback with regard to implementation accuracy during operations, although 
clarification of prescriptive items occurred occasionally. The overall harvest production 
(cords/hour) was recorded during operations by noting the start and stop times for 
harvesters on each trail unit and recording the manufactured log volume before 
forwarding.  Logs were measured manually on the Bradley site, and were recorded by the 
Ponsee Ergo on the PEF site. 
Post-Harvest Measurements 
Each plot was revisited post-harvest to determine cut/leave status of each tree 
using the pre-harvest stem map.  Additionally, where stems were removed, it was noted 
whether or not it was located within the trail.    
Statistical Analysis 
Hypotheses 1 was tested by logistic regression using a tree-level analysis via a 
generalized linear mixed model to predict the probability that a tree would be taken given 
that it was coded to leave for both M and NM plots.  A new data column was created 
where all prescribed residual trees were coded as “0.”  If the leave tree was cut, it was 
coded as “1.” This “Leave-Trees Taken” column was regressed on the fixed effects of 
marking (M or NM) and DBH, with site, block, trail unit and plot being treated as 
random effects. The final model form that predicted the probability that a residual-tree 
would be harvested for M and NM plots was (in R-code): 
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Model 1.1: 
Model=glmer(Lv.Taken~Marked + dbh + (1|Site)+(1|Block)+(1|Trail_Unit) + 
+(1|plot),family=binomial(link="logit"),data=All)      
Similarly, hypothesis 2 was tested by logistic regression for a tree-level analysis 
via a generalized linear mixed model to predict the probability that a tree would be left 
given that it was coded to cut for both M and NM plots. If the cut tree was left, it was 
coded as “1.” This “Cut-Trees Left” column was regressed on the fixed effects of 
marking type (M or NM), species, BA/plot, and TPA/plot with site, block, trail unit and 
plot being treated as random effects. The final model form that predicted the probability 
that a tree coded to cut would be left for M and NM plots was (in R-code): 
Model 1.2: 
Model=glmer(Tk.Leave~Marked + species (RM only) + BA/plot + TPA/plot + 
(1|Site)+(1|Block)+(1|Trail_Unit) + 
+(1|plot),family=binomial(link="logit"),data=All) 
An AUC statistic, a measure of true-positives (sensitivity) to true-negatives (specificity), 
was also calculated for both Models 1.1 and 1.2 to gauge their predictive accuracy.  Data 
for Models 1.1 and 1.2 included only trees that were located outside the footprint of the 
forwarder trail, and thus subject only to the silvicultural (not operational) decision-
making process of the operator. 
To test hypotheses 3, analysis of variance (ANOVA) was conducted on two linear 
mixed-effects models, at the plot level, examining the relationships between: (1) percent 
basal area (BA) removed per plot by marking (M or NM); and (2) percent agreement with 
the prescription per plot by marking. One of the overall goals of the prescription was to 
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reduce the stand BA by approximately 40% (Figure’s 1.6 and 1.7).  An analysis of 
variance (ANOVA) was conducted on the linear mixed-effects model below (in R-code): 
Model 1.3: 
Model=lme(BA.remove.pct~Marked,random=~1|Site/Block/Trail_Unit/Plot, 
data=All) 
Percent agreement with the prescription was calculated on each plot (using only 
marking codes 0 and 1). For example, if a plot had 9 coded leave-trees post-harvest, and 
there were 10 total coded leave-trees on the plot pre-harvest, the percent agreement for 
leave-trees on that plot would be 90%. An analysis of variance (ANOVA) was conducted 
on the linear mixed-effects model below (in R-code):  
Model 1.4: 
Model=lme(Percent.agree~Marked,random=~1|Site/Block/Trail_Unit/plot, 
data=All) 
For both Models 1.3 and 1.4, marking was treated as a fixed effect, and site, block, trail 
unit, and plot were treated as random effects.  Only the trees outside of trails were used 
for the four analyses above. 
 Several t-tests were also conducted, exploring differences between means of M 
and NM treatments for discrepancies in coded residual trees cut, coded cut-trees left, 
percent of desired BA lost to trails/prescriptive discrepancies and percent of BA 
removed.  
All statistical analysis was performed with the statistical software R (R 
Development Core Team 2014) and associated packages: lme4 (Bates et al 2014); MASS 
(Venables and Ripley 2002); pROC (Robin et al 2012); ggplot2 (Wickham 2009); nlme 
(Pinheiro et al 2013) and lsmeans (Lenth 2014). 
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Results 
General results and overall stand impacts: 
In general, operators made far fewer incorrect decisions in marked treatments.  
Operators were at least twice as likely to harvest coded leave trees, and up to twelve and 
a half times as likely to leave coded cut trees in non-marked treatments (Tables 1.3 and 
1.4).  Differences between means of the treatments (M and NM, Type pooled) in Tables 
1.3 and 1.4 were found to be significantly different with a t-test(s) (p<.05).  While  
Table 1.3:  Discrepancies on leave trees; ie, trees cut that should have been left via the 
prescription for each Site by Type and Marking. 
 
Site Type Discrepancy/Total Percent 
PEF HW-M 12/126 10% 
  HW-NM 21/87 24% 
  MX-M 10/107 9% 
  MX-NM 19/89 21% 
        
Bradley MX-M 3/67 4% 
  MX-NM 15/54 28% 
 
Table 1.4:  Discrepancies made on cut trees; ie, trees left that should have been cut via 
the prescription for each Site by Type and Marking. 
Site Type Discrepancy/Total Percent 
PEF HW-M 6/68 9% 
  HW-NM 25/78 32% 
  MX-M 2/53 4% 
  MX-NM 24/48 50% 
        
Bradley MX-M 3/59 5% 
  MX-NM 20/58 34% 
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there were discrepancies in both Tables 1.3 and 1.4, the net desired residual stocking was 
generally achieved (ie, cut-trees left compensated for residual trees cut).   
The trail footprint encompassed 10-17% of the stand(s) BA (Table 1.5), 
equivalent to a trail between 12.5 and 13.6 feet wide on the 80-foot spacing used.  On the 
PEF site, actual BA loss of residual trees was very similar to that predicted by the above 
figures (18%), but at Bradley, was much lower at only 2% (Table 1.4), perhaps owing to 
the Bradley harvest operator “weaving” somewhat to avoid cutting unmarked residual 
trees.   
Table 1.5:  Mean, percent of BA and percent of planned residual BA lost to trails by Site 
and Treatment. 
Site Type 
Mean BA 
(ft^2/ac) 
in Trails 
Percent 
of plot 
BA in 
Trails 
Percent of 
Leave/Crop 
Tree BA 
Lost to 
Trails 
PEF M 22.75 16% 13% 
  NM 22 17% 18% 
  
    
Bradley M 13.5 11% 2% 
  NM 15.4 10% 14% 
 
 
 Considering losses of planned residual trees (coded leave trees) outside of trails 
along with losses of desirable leave trees within trails, total loss of planned residual BA 
was approximately 25-32% in non-marked treatments and 6-18% in marked treatments 
(Figure 1.8).  Differences between treatment means (percent of BA lost inside and 
outside trails for M and NM, Type pooled) generating Figure 1.8 were found to be 
significantly different with a t-test (p<.05). 
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Figure 1.8:  Percent of planned residual BA loss due to trails and incorrect prescription 
implementation by Site and Marking. 
 
 
 The residual BA target had two components, in that 40% removal was prescribed 
to a residual level of 80-85 ft
2
.  In some instances one could not satisfy both 
simultaneously due to pre-harvest condition (eg, low initial BA).  Regardless of the pre-
harvest condition, however, overall BA removal was consistent with the prescription 
irrespective of treatment and no differences were detected (via a t-test) between M and 
NM (Type pooled) percent BA removal means (p<.05) (Table 1.6). 
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Table 1.6:  Mean residual BA and percent BA removed for each Site by Treatment. 
Site Type 
Mean 
Residual BA 
(ft^2/ac) 
Mean Percent BA 
Removed 
PEF HW-M 69 39% 
 
HW-NM 69 39% 
 
MX-M 90 35% 
 
MX-NM 76 22% 
    
Bradley MX-M 72 40% 
 
MX-NM 85 32% 
 
 
Probability of leave-trees being cut: 
Many iterations of Model 1.1 were explored, including interactions among 
potential variables.  Variables such as species, basal area (BA), trees per acre (TPA), and 
tree distance from the trail were included in the original model; however, they were 
found to be insignificant (at p<.05) and were dropped from the final model.  Site was also 
explored as a potential fixed effect as both Sites differed in machine-type and operator, 
however, this was also found to have no significant effect.  DBH and Marking were the 
only significant predictors.  All random effects had low standard deviations, indicating 
little influence on the means of the fixed effects in the model.  This was true for all 
analyses.  Fit statistics for Model 1.1 (parameter estimates, etc.) are listed in Table 1.7. 
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Table 1.7:  Fit statistics for Model 1.1. 
 
  
Parameter 
estimate 
p-value SE 
Random 
Effect 
SD 
Intercept -1.0410 0.0113 0.4112 - 
Marking 1.3828 0.000003 0.2968 - 
DBH -0.0176 0.0001 0.0458 - 
Site - - - 0.0000 
Block - - - 0.0000 
Trail_Unit - - - 0.1716 
Plot - - - 0.2804 
 
An AUC value of 0.64 was calculated to gauge expected performance of probabilities 
generated from Model 1.1, and indicates that the model is better than a random guess 
(AUC of 0.5). Probability functions (the probability a leave-tree would be harvested) for 
a given DBH were also generated from the Model 1.1 (Table 1.8) and are depicted in 
Figure 1.9. 
Table 1.8:  Functions predicting the probability of a residual tree being cut on Marked 
(M) and Non-Marked (NM) plots.  Plogis (an R command) is: 1/(1 + exp⁡(−𝛼)). 
M= plogis(-1.0410386 - (0.1765547 * dbh)) 
NM= plogis(0.3418752 - (0.1765571 * dbh)) 
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Figure 1.9:  Probability of a residual tree being cut. 
 
For both M and NM plots the probability that a leave-tree would be harvested 
decreased as diameter increased.  Probabilities ranged from approximately 0.01-0.13 and 
0.02 - 0.38 for M and NM plots, respectively.  There were 525 coded leave-trees over all 
plots, 80 of which were harvested (Appendix A).  The average diameter of all trees on all 
plots was approximately 9 inches; the probability that a leave-tree of this DBH would be 
harvested was 0.07 and 0.22 for M and NM plots, respectively. 
Probability of cut-trees being left: 
Similar explanatory variables, and interactions thereof, were explored with Model 
1.2 as in Model 1.1; however, the resulting model was markedly different.  Unlike Model 
1.1, BA/plot and tree species (red maple (RM)) were found to be significant predictors 
(p<.05).  The final version of Model 1.2 also includes TPA/plot.  While TPA/plot was not 
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found to be a significant explanatory variable, its removal from the model forced BA/plot 
to be insignificant (p<.05); therefore, it was included in the final model.  There was no 
significant (p<.05) interaction found between BA/plot and TPA/plot.  Since BA/plot and 
RM were found to be significant predictors, pre-harvest BA/plot of RM was also tested as 
a predictor, but found to be insignificant (rationale explained below).  Fit statistics for 
Model 1.2 (parameter estimates, etc.) are listed in Table 1.9. 
Table 1.9:  Fit statistics for Model 1.2. 
 
Parameter 
estimate 
p-value SE 
Random Effect 
SD 
Intercept -3.262 0.0072 1.2150 - 
Marking 2.5810 0.000000006 0.4442 - 
Species (RM 
only) 
1.7140 0.0130 0.6904 - 
BA/plot -0.0023 0.0222 0.0100 - 
TPA/plot 0.0091 0.0750 0.0005 - 
Site - - - 0.0000 
Block - - - 0.0000 
Trail_Unit - - - 0.00002 
Plot - - - 0.0914 
 
 
An AUC value of 0.54 was calculated to gauge expected performance of probabilities 
generated from Model 1.2.  Probability functions (the probability a cut-tree would be left) 
for a given BA and species (RM and all others combined) were generated from the model 
(Table 1.10) and are depicted in Figure 1.10.  
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Table 1.10:  Functions predicting the probability of a cut-tree being left on Marked (M) 
and Non-Marked (NM) plots.  Plogis (an R command) is:1/(1 + exp⁡(−𝛼)).  Functions 
scaled to mean TPA (228).  
M_all species= plogis(-1.178 + (-0.02303 * BA of plot)) 
M_red maple= plogis(.536 + (-0.02303 * BA of plot)) 
NM_all species= plogis(1.403 + (-0.02303 * BA of plot)) 
NM_red maple= plogis(3.117 + (-0.02303 * BA of plot)) 
 
 
Figure 1.10:  Probability of a cut-tree being left. 
 
From Figure 1.8 it can be seen that the probability that a coded cut-tree would be 
left decreased as the BA of the plot increased for all treatment combinations.  The 
probability that a coded RM cut-tree would be left was higher than all other species for 
both M and NM plots.  The probability that a coded RM cut-tree would be left ranged 
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from approximately .27 to .83 on NM plots, and approximately .05 to .28 on M plots 
from higher to lower initial plot BAs (Figure 1.10).  For all other species, the probability 
that a coded cut-tree would be left ranged from approximately .08 to .48 on NM plots, 
and was approximately 0 to .05 on M plots from higher to lower initial plot BA’s (Figure 
1.10). 
There were 358 coded cut-trees over all plots, averaging approximately 9-inches 
in DBH, 80 of which were left (Appendix B).  Red maple (RM), hop-hornbeam (HH), 
sugar maple (SM) and white ash (WA) made up the majority of coded cut-trees 
(Appendix B and Table 1.11); 23%, 21%, 14% and 10%, respectfully.  The same species 
made up the majority of the coded cut-trees that were left (Table 1.11).  The average 
DBH of coded cut-trees left was 9 inches. 
Table 1.11:  Species making up the majority of coded cut-trees left. 
Type RM HH SM WA 
Percent of Species 
Listed of Total 
Cut-Trees Left 
M 1 2 3 1 8% 
NM 30 13 9 7 74% 
 
 
Percent BA removed: 
The BA removal percent was regressed on marking (M or NM) (Model 1.3). 
Variables such as species, DBH, BA, Type (HW or MX) and TPA were all included in 
the original model; however, they were not significant (p<.05) and were dropped.  No 
significant differences (significance level of p<.05) were found between the M and NM 
plots, however, it should be noted that Marking was narrowly insignificant (p=.0801).  
The model was tested via ANOVA and results are populated in Table 1.12 as well as 
adjusted least-square means in Table 1.13 by marking. 
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Table 1.12:  ANOVA table of Model 1.3.  Analysis excludes trails. 
 
F-value p-value 
Random effect 
Standard 
Deviation 
Marked 3.7171 0.0801 - 
Site - - 0.000002 
Block within Site - - 0.0896 
Trail_Unit within 
Block within Site 
- - 0.00000003 
Plot within 
Trail_Unit within 
Block within Site 
- - 0.1045 
 
 
Table 1.13:  Adjusted least-square means of Model 1.3 for Marked (M) and Non-Marked 
(NM) Types. 
Type Mean SE 
M 37.7 3.5 
NM 31.3 3.5 
 
 
Percent agreement with prescription: 
The percent agreement was regressed on marking (M or NM) (Model 1.4). As in 
the BA percent removal model, variables such as species, DBH, BA, Type (HW or MX) 
and TPA were all originally included, however, they were not significant (significance 
level of p<.05) and were dropped from the final model.  An ANOVA table of the model 
is populated in Table 1.14. 
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Table 1.14:  ANOVA table of Model 1.4.  Analysis excludes trails. 
  
F-value p-value 
Random effect 
Standard 
Deviation 
Marked 33.0387 0.0001 - 
Site - - 0.000009 
Block within Site - - 0.1281 
Trail_Unit within 
Block within Site 
- - 0.3031 
Plot within 
Trail_Unit within 
Block within Site 
- - 0.0001 
 
 
 “Marked” (M or NM) was again found to be significant (p<.05).  Additionally, an 
adjusted least-square means plot (Figure 1.11) is provided below by marking. 
Figure 1.11:  Percent agreement with the prescription (least-squares means) with error 
bars (both Sites). M=Marked, NM=Non-Marked. 
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 It can be seen from Figure 1.11 that the adjusted least-square mean for percent 
agreement with prescription for M plots was approximately 90%, while NM plots were 
less than approximately 75%. 
Harvester Productivity: 
Figure 1.12 depicts the cords harvested by productive machine hour and Table 
1.15 shows the mean cords per hour harvested among treatments.  There was no observed 
difference in harvest production between treatments (including DL) on either site. 
Figure 1.12:  Total cords harvested by productive machine hour for each Site and 
Treatment combination.  Circles =Ponsee; Diamonds = Valmet. 
 
 
 
 
 
0
5
10
15
20
25
30
0 1 2 3 4
C
o
rd
s 
Productive Hours 
Bradley-M
Bradley-NM
Bradley-DL
PEF-M
PEF-NM
PEF-DL
  
 
31 
 
Table 1.15:  Mean harvest production for M and NM trail units on both Sites. 
Site/Marking Average Production (cords/hour) 
PEF/M 6.64 
PEF/NM 6.63 
PEF/DL 6.25 
Bradley/M 4.71 
Bradley/NM 4.33 
Bradley/DL 4.61 
 
Discussion 
What follows is largely an attempt to interpret the results relative to prescriptive 
items listed in Figures 1.6 and 1.7.  Since the specific prescriptive item was not recorded 
along with coded cut/leave decisions, we cannot state with certainty which of the 
prescription item was used to make the specific decision on each tree; the following 
comments are thus somewhat speculative.  Additionally, we acknowledge that (and 
discuss below) alternative approaches and/or modifications to the prescriptions 
themselves and/or communications with the operators could lead to different results and 
interpretation than that discussed below.  
Probability that leave-trees are cut: 
It can be seen in Figure 1.7 that the probability that a leave-tree would be 
harvested was greater on NM plots. Probabilities decreased dramatically for both M and 
NM plots as DBH increased.  It can be seen in Figure 1.9 that the probability that a leave-
tree will be taken increases dramatically as DBH decreases from approximately 14-
inches.  
Only 61 of the 525 coded leave-trees (approximately 12%) were greater than 14-
inches, and 3 (5%) of those were harvested (2 in NM, 1 in M plots). Of those trees greater 
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than 14-inches, 8 trees were greater than 20-inches, satisfying prescription item #8 
(leaving trees>20-inches) in Figure’s 1.6 and 1.7. Furthermore, of the 61 trees greater 
than 14-inches, an additional 7 trees were left satisfying item #9 (rare species) in Figure 
1.6. No coded leave-trees that were rare and/or greater than 20-inches (15 in all) were 
harvested.  
Presumably, the decisions about large or rare trees would have been relatively 
easy for an operator to make regardless of whether or not they were marked as they were 
either: a) clear dominants and/or b) rare species relative to the rest of the stands. The 
balance of trees greater than 14-inches (46) represents approximately 8.5% of the total 
number of coded leave-trees. Among these were: 11 (24%) red maple, 16 (35%) sugar 
maple, 11 (24%) white ash, and 8 (17%) were a mix of other species. Again, these trees 
may have been more obvious as leave-trees as they were intermediate in size and 
relatively scarce, leading the operators to an easier implementation of the prescription. 
The vast majority of coded leave-trees under 14-inches DBH were poles at much 
higher densities than trees greater than 14-inches. Total plot density (both BA and TPA) 
was originally included in Model 1.1 above, but was not found to be significant variables 
in predicting the probability of leave-trees being harvested. In the same way that larger 
diameter or rare species leave-trees may have been easier to select due to their relative 
scarcity in the stand, so too it is apparently more difficult to select leave-trees among the 
more abundant smaller diameters, particularly on NM plots. Several observations may 
help to explain this result. 
Without discernible characteristics to key in on NM plots, such as rare species or 
size, the operator is left with species which are all potentially residuals, except those 
  
 
33 
mentioned in prescription items #4 (short-lived intolerant hardwoods) and #5 
(merchantable fir) (Figure’s 1.6 and 1.7).  Excluding these items, there were a total of 9 
species that could have been considered as residuals (Appendix A), perhaps alluding to 
the difficulty of prescription implementation. Of the 525 coded leave-trees, 379 (72%) 
were either red maple (88) or sugar maple (291), with an average DBH of 8.5-inches. Not 
surprisingly, 57 of the 80 (71%) coded leave-trees that were harvested were either red or 
sugar maple, with an average DBH of 7.5-inches (Appendix A). Prescription items most 
influential in the decision to leave these trees would clearly be:   # 2 (removal of 
undesirable growing stock hardwoods and red maple sprout clumps), and #7 (release of 
desirable hardwood crop trees on three sides) (Figure’s 1.6 and 1.7); but, this does not 
necessarily preclude other management objectives such as prescription item #1 (Target 
residual BA). The mixing of both qualitative and quantitative objectives may increase 
prescription complexity and subsequent difficulty of implementation; however, further 
analysis provided below (percent BA removal discussion) indicates that there were no 
significant differences between M and NM treatments with regard to percent BA removal 
(item #1, Figure’s 1.6 and 1.7). 
Why, then, may qualitative objectives be more difficult to implement on NM 
plots? One explanation may be that operators do not have time to weigh each of the 
qualitative objectives thoroughly before making decisions. Modern harvesting practices 
have moved towards more mechanized forms of harvesting. The high cost of equipment 
makes it imperative that machinery is as productive as possible.  Most harvested leave-
trees were smaller in diameter, and hence, lower in volume.  In order to maintain 
production in smaller pieces, silvicultural decisions may have been expedited.  The lack 
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of any differences in production for each site/marking combination suggest that operators 
are unwilling to sacrifice production to meet silvicultural objectives, i.e., NM trail units 
had identical production, but more prescriptive mistakes.  Additionally, it should be noted 
that production rates were no different between the M/NM and DL treatments.  This 
indicates that more expedient methods of treatment do not necessarily increase 
production.  Alternative explanations for similar production rates specifically between M 
and NM plots may also exist.  For instance, it is possible that an operator (sitting up in a 
cab of a machine away from the stems) may have had difficulty with cut/leave decisions 
between smaller diameter SM and RM as they simply look very similar, particularly 
during leaf-off (when this study was treated).   
Additionally, it was observed that the operators often have limited visibility when 
making cut/leave decisions. Operators generally made cut/leave decisions as they 
approached a given tree, making it difficult to assess surrounding prescriptive factors or 
additional characteristics on the opposite side of the tree in question.  Is this a way to 
maintain productivity and lower costs (ie, less travel time, more time spent cutting and 
processing), or are machines not physically able to maneuver and assess each 
stem/prescriptive factor thoroughly?  Also, as is typical in cut-to-length harvesting 
systems in Maine, harvesters did not always have to leave trails to reach backlines of 
trail-units, furthering the inability to fully assess the condition and general surroundings 
of a given tree before making selections.  In contrast, the forester on the ground is able to 
survey the tree and its associated surroundings prior to making selections.  Yeo and 
Stewart (2000) also suggested that tree-marking may be preferred to operator selection 
when visibility is low.  
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It was surprising to see M plots follow the same trend as NM plots with regard to 
smaller diameter trees having higher probabilities of being cut, albeit much lower. In fact, 
one may assume that since all selections have been made for the operator in M plots, 
leave-trees harvested should be zero. There were some instances where a marked cut-tree 
was between an unmarked leave-tree and the operator. In these instances the operator at 
times had no option of falling the marked tree unless the unmarked tree was removed 
first.  Additionally, it was observed on a couple of occasions where larger diameter trees 
were felled, smaller diameter trees in the understory were damaged to the point where all 
of their crown was completely removed from the impact of the felled tree; even snapping 
the bole several feet above the ground. In these cases, the operator removed the 
remainder of the stem. It stands to reason that smaller diameter stems may be more 
susceptible to this type of damage than larger stems, perhaps explaining the increase in 
probability of harvested M leave-trees. 
Probability of cut-trees being left: 
 Figure 1.10 illustrates the general trend that the probability of a coded cut-tree 
being left decreased as the BA of the plot increased for all treatment combinations; and, 
while following the same trend, probabilities were generally higher on NM plots and for 
RM. 
 Following initial testing of Model 1.2, it was postulated that perhaps the reason 
probabilities were higher that coded RM cut-trees would be left (versus other species), 
was due to disproportionately high initial (pre-harvest) BA of RM, therefore, the operator 
may have had limited choices when implementing the prescription on those trail units.  
As described above, this predictor (BA/plot of RM) was tested in Model 1.2 but was 
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found to be insignificant (p<.05).  Why then, might RM be significantly different than 
other species when predicting its probability of being left given that it should have been 
cut, particularly for NM plots? 
Much of the RM within the stands was “clumpy” in nature due to past harvesting 
practices and the species’ ability to vigorously regenerate via stump sprouting (Walters 
and Yawney 1990).  Other species (SM and AB for example) certainly sprout, but not 
nearly as competitively as RM.  Walters and Yawney (1990) point out that individual 
stems in RM clumps often have rot and are weak at the base.  This was noticed on the 
sites in this study and their targeting for removal is reflected in prescriptive item #2 in 
Figure’s 1.6 and 1.7: “Remove all non-sawlog unacceptable growing stock (UGS) 
hardwoods below 20” (except smooth barked healthy beech), including red maple sprout 
clumps.”  All coded RM cut-trees were less than 17-inches (only 2 were over 14-inches).  
Given the harvest history of these areas, the last probable entry (approximately 50 years 
ago), field observations and the diameter/density distribution of RM (Figures 1.2, 1.3 and 
1.4), it follows that the majority of the RM coded cut-trees occurred in sprout clumps.  
Therefore, if operators were choosing to thin these clumps (and ignoring prescriptive rule 
#2, Figure’s 1.6 and 1.7), they must have been trying to achieve other prescriptive items; 
namely, #1-BA target and/or #7-releasing acceptable growing stock hardwood crop trees 
(Figure 1.6). 
Attempting to satisfy prescriptive item #1 (Figure’s 1.6 and 1.7), however, seems 
like a more plausible explanation for more coded RM cut-trees being left than does 
prescriptive item #7 (Figure’s 1.6 and 1.7).  Figure 1.10 illustrates that operators made 
incorrect choices via the prescription particularly with respect to RM on NM plots with 
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lower initial BA’s.  If an operator felt that a given trail unit was “light” on BA to begin 
with, it may have encouraged them to leave more BA to satisfy prescriptive item #1 
(Figure’s 1.6 and 1.7).  Additionally, removing an entire clump of RM may create the 
appearance of a “void” in a stand to the eye, than does the removal of a single stem 
regardless of whether the overall density is the same; thus thinning clumps could have 
produced a more spatially consistent perception of BA.  It is also possible that perhaps 
the operators left some smaller diameter trees (coded to cut or not) due to merchantability 
concerns.  The author felt that this was not the case, as approximately half of the trees 
coded to cut (and were cut) were evenly split between M and NM plots across all species, 
and were less than or equal to 8-inches. 
Over all M plots, operators did not make many incorrect decisions with coded 
(painted) cut-trees, presumably for the obvious reason that the selections were made for 
them.  This is reflected in Figure 1.10 where the probability that an M tree would be left 
given that it was coded (painted) to be cut was low for RM as well as all other species.  
Percent BA removal:     
The first prescriptive item listed in Figure’s 1.6 and 1.7 is the removal of 
approximately 40% of the existing stand BA. The adjusted least-squares mean of M and 
NM percent BA removal was approximately 38% and 31% (Table 1.13), respectively.  
No statistical difference was found between M or NM plots with regard to percent BA 
removal.  Percent BA removal on NM plots may have been lower in general as a result of 
low initial BA on several plots within the treatment. Three NM plots on the PEF site had 
initial BA’s that were, at most, within approximately 18% of the target BA. In fact, one 
of those three plots was below the target BA (80-85 ft
2
 ac
-1
) initially. This also points out 
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the lack of observations for this analysis in general (40-includes all combinations of Type 
and Marking). While scope of inference is limited, the data suggest that for these 
operations, operators were able to fulfill prescriptive item #1 (Figure’s 1.6 and 1.7) 
regardless of whether or not plots were marked. 
Percent agreement with prescription: 
The percent agreement approach was an attempt to quantify how often an 
implemented prescription (post harvest) agrees with the prescription itself by marking. In 
other words, if we know how each tree should theoretically be treated per the prescription 
pre-harvest, what percent of the time can we expect that to be correct post harvest?  To 
some degree, this may seem similar to the probability of leave-trees cut analysis above. 
Here, however, both cut and leave decisions have been pooled together by marking 
(marking codes 0 and 1 only). Also, this analysis is not predicting a probability, but rather 
looking at the “correctness” of implementation at the stand (not tree) level. The closer to 
100% agreement, the closer we are to a perfect implementation of the prescription.  
On M plots, all of the prescriptive decisions have already been made for the 
operator, and verified both in the field and in the office. Therefore, one would assume 
that implementation would agree 100% with the prescription. Figure 1.11 illustrates that 
this is not the case. While both of the marked treatments are in the 90
th
 percentile of 
agreement, they are not perfect. This may be at least partially due to the difference 
between theoretical and practical implementation as alluded to above. 
For NM plots, Figure 1.11 illustrates that percent agreement was in the 60-70
th
 
percentile. Recall the predictive probability function in Table 1.8 for NM plots. The 
average leave-tree cut on NM plots was approximately 7.7 inches DBH. Using the 
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function from Table 1.8, the probability a 7.7-inch tree would be harvested is 
approximately .27. One may look at that from the standpoint of making a correct decision 
(agreement) 73% of the time (70
th
 percentile) for trees of the same DBH. Recall that in 
this example the predictive function is only looking at leave-trees whereas the percent 
agreement analysis has taken cut trees into account as well. Percent agreement may be a 
quasi-validation of the predictive function above, however, it is curious how close the 
numbers appear to be. The same exercise can be done for M plots. The average DBH of 
leave-trees cut on M plots was 7.5-inches. Again, using the function in Table 1.8, the 
probability of the average leave-tree being harvested is approximately .08; correct 
decisions (agreement) being made 92% of the time (90
th
 percentile) for trees of the same 
DBH. 
In summary, despite a fairly small sample size, all analyses clearly showed that 
marking significantly influenced the outcome of prescription accuracy when assessed at 
both the tree- and stand-levels. 
Additional observations, recommendations for additional study and conclusions: 
 Although there was a different type of harvester used on each site, no differences 
were found when testing Site as either a fixed or random effect.  This may seem odd as a 
fixed-head and dangle-head harvester/processor (and the associated boom, travel features, 
decks, cabs, etc) are configured and function quite differently.  We speculate this lack of 
difference may have been a result of having harvester operators with similar, long-term 
experience working mostly in unmarked prescriptions and becoming comfortable with 
their work habits regardless of how accurate they might be. 
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While no differences were found in this study, operators and machinery may be 
an area that merits further investigation with regard to the topics discussed throughout 
this paper due to the numerous equipment configurations that exist and the inherent 
variability introduced by the human element.  For instance, if the operator and machine 
could be held constant over several sites with similar prescriptions, perhaps one may find 
that the operators make fewer and fewer mistakes over time as they get used to cutting a 
certain prescription.  Also it is quite common for the forester to “coach” or advise an 
operator on cutting a particular stand in practice; while it was not an objective of this 
study, it would be an interesting test to see if this common practice improves prescriptive 
outcomes over the course of a cutting unit (or more). 
In addition to operator and machinery variability and study challenges therein, it 
may be helpful to point out a couple of other methods in this study that may be improved 
to provide clearer results in future projects.  First, while coding cut and leave trees seems 
to be a relatively simple, efficient and innovative way to capture cut/leave choices on 
plots, particularly without the operator being able to see the coding (for NM) or the plots, 
it left the author having to speculate about imperfect prescriptive outcomes (such as why 
errors might be occurring) using statistical results.  Rather, it may have been more 
effective to code not only the cut/leave choice, but also the prescriptive element 
triggering it, thereby obviating such speculation. Secondly, it is common practice to 
produce a species preference list with a given prescription; especially one with as many 
species as in this study.  While operators on this study were very experienced with these 
types of stands, there could be times where someone unfamiliar with this type of stand or 
species complexity could have been a bit overwhelmed by choices and a species 
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preference list may have alleviated that confusion.  Finally, being very clear and 
intentional about prescription objectives and subsequent prescriptive items and their order 
of importance may improve accuracy of implementation.  For instance, acceptable 
growing stock (AGS), such as small diameter SM, was not clearly defined in the 
prescriptions.  If this was clearly defined (by form, crown ratio, lack of defect, etc), was 
first in order of species preference and specified as a higher priority than target BA, then 
perhaps more of these trees would have been left on NM plots.  This also points out, 
however, that prescriptions could get very complicated if one tries to define them too 
narrowly, and poses the question: how much information is too much information before 
one decides to just mark the stand?   
There are as many opinions regarding the importance of tree marking as there are 
foresters in practice, but there is little evidence or study to support or refute these claims.  
While the scope of inference of this study is generally limited to a certain type of 
prescription in a certain type of stand in Maine, the study is among the first to attempt a 
critical look at the efficacy of tree-marking.  The results indicate that marking this type of 
prescription in Maine mixed-species stands may yield a more accurate prescription 
outcome than if the stand has not been marked. These discrepancies appeared to be fairly 
subtle, however, and concentrated in the smaller-sized dbh classes; flagrant abuses such 
as deliberate highgrading or overcutting valuable sawtimber growing stock was never 
observed. Further study is necessary to strengthen (or refute) this claim across multiple 
scales and circumstances; however, the study does force one to perhaps consider the 
question previously posed more critically:  what good are carefully thought out landscape 
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plans and stand-level prescriptions if the prescriptions themselves are not executed 
accurately? 
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CHAPTER TWO: 
RESIDUAL TREE DAMAGE IN PARTIALLY HARVESTED 
MIXEDWOOD AND HARDWOOD STANDS IN  
CENTRAL MAINE:  IS TREE  
MARKING NECESSARY? 
Introduction 
Many authors (eg:  Worthington and Stabler 1961; Leak and Gottsacker 1985; 
Smith et al 1997; Nyland 2002; etc) have suggested the importance of marking, or lack 
thereof, with respect to silvicultural outcomes pertaining to prescription accuracy. What 
authors have not alluded to is whether or not marking has any bearing on residual stand 
damage.  Egan and Phillips (2006) highlighted the debate between foresters and operators 
regarding the accuracy of prescription implementation, but this same debate exists 
between the practitioners when it comes to residual stand damage.  The most basic and 
logical argument favoring operators is that since they are proficient in the nuances, 
advantages and limitations of equipment and harvest methods, if left to make prescriptive 
decisions themselves, the residual stand should sustain less damage.  Conversely, while 
the forester may be familiar with forest operations in general, they typically do not have 
firsthand or specialized experience operating machinery; thus, they will likely not make 
the skilled operational decisions that a seasoned operator is capable of, perhaps resulting 
in a stand with more residual damage.  The reverse of these sentiments has also been 
suggested.  Ostrofsky (1988) contends that marking actually helps operators by focusing 
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their attention on careful equipment maneuvering, rather than on prescriptive factors, thus 
decreasing residual stand damage. 
Assessing residual stand damage following forest operations and its longer-term 
impact on stand health and economics is not a new scientific inquiry.  Damage 
assessments have been conducted in a variety of ways across numerous geographic 
locations, harvesting configurations and stand and treatment types throughout the 
Northeastern United States.  This is particularly true for whole-tree (WT) harvest 
systems.  See Cline et al (1991) and Hassler et al (1999) for good summaries of damage 
studies conducted for WT harvest systems across the Northeast US.  In contrast to WT, 
cut-to-length (CTL) system residual damage studies have been limited in the 
Northeastern US, except for a couple of recent studies by Heitzman and Grell (2002), 
Benjamin et al (2013) and Heisel (2013) (predominantly softwood stand types).  There 
have, however, been studies conducted regarding residual CTL harvesting damage in 
other parts of the US and elsewhere (e.g.: Bettinger and Kellog (1993); Bettinger and 
Kellog (1994); Huyler and LeDoux (1999); Puttock et al (2005); Froese and Han (2006), 
etc.). 
Hassler et al (1999) stated that for damage studies involving WT systems, 
“unfortunately, the number of different methodologies for characterizing stand damage is 
nearly equivalent to the number of studies.”  This same statement is generally true for 
assessing residual stand damage in CTL studies; however, while methodologies may 
differ from study to study, nearly all have been able to capture:  total percent of stems 
damaged, general location of damage (along the bole of a stem) and average size of 
wounds.  Due to the myriad of potential factors that could affect stand damage it is not 
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surprising that there have been numerous explanations as to why residual stand damage 
may be higher (or lower) on a given study, such as:  operator experience, harvest method 
(WT or CTL), stand density, stem size, stem proximity to trail, pre-harvest trail layout (or 
lack thereof), site characteristics, etc.  Several authors above have suggested that timber 
marking plays an important role in determining the fate of a given stand from planning 
through implementation phases.  Interestingly, however, marking has not been the focus 
of almost any residual stand damage study (WT or CTL) with the exception of Cline et al 
(1991) who analyzed 18 sites, 8 of which were marked by a forester prior to harvest.  
Cline et al (1991) found that marking narrowly increased the likelihood of stand damage, 
but also commented that the most and least amount of damage per stand occurred in 
marked stands.  Lageson (1997) focused on damage levels between treatment types 
(thinning from below and above) in a CTL operation; some treatments were marked 
while others were operator select.  While focused on the treatments rather than marking, 
no differences in damage levels were reported between implementation methods.  
Marking was part of the study design of Kellog and Bettinger (1994), but the focus of the 
study was to look at production rates of a CTL system between marked and unmarked 
stands in the Pacific Northwest, not to look at damage between the two types.  Kellog and 
Bettinger (1994) mention that, “a subsequent study at this site revealed scarring of 
residual trees to be low, with no observable differences between marked and unmarked 
stands.”  While the “subsequent study,” Bettinger and Kellog (1993), focused on 
quantifying residual stand damage from a CTL harvest, it did not discuss the difference 
between marked and unmarked stands any further; rather, the authors focused on damage 
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differences between tree species, damage proximity to trail, etc, in a predominantly 
unmarked portion of the study area.   
As the Introduction to Chapter 1 indicates (Figure 1.1), nearly all of the approved 
harvesting activities across the State of Maine are some sort of partial harvest. Given that 
the Acadian Region is an inherently complex forest type, the question of “how” land 
managers ensure that objectives are met for a given prescription, and the subsequent 
residual damage it may cause merits investigation. 
Study Objective: 
This study is among the first to explore tree-marking in mixedwood and 
hardwood stands.  Specifically, it seeks to determine if investment in tree-marking 
influences the amount of residual damage incurred by the stands during a CTL operation. 
Hypotheses: 
Null Hypothesis #1: The probability that a residual tree, as specifically designated 
in a detailed silvicultural prescription, will suffer logging damage is no different where 
tree-marking is used to implement the prescription in a CTL operation (i.e., marking 
doesn’t matter; a given residual tree is just as likely to be damaged if the operator makes 
all prescriptive selections). 
Methods 
Study Areas: 
The study was conducted at two sites located in central Maine.  Please refer to 
Chapter 1 for a description of the sites, pre-harvest stand structures and summary 
mensurational statistics (Figures 1.2, 1.3, 1.4 and Table 1.1).  
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Experimental Design: 
Layout/Plots 
Boundaries for the study areas were delineated using flagging in Spring 2012. 
Sub-types (HW and MX) and areas unsuitable for the study (on the PEF site) were also 
identified.  Trail “units” were then flagged parallel to one another across each site on an 
80-foot spacing (Figure 2.1). 
Figure 2.1:  Study design for each Site. 
 
 
Groups of three successive trail units constituted a block (Figure 2.1).  Each trail 
within a block was randomly assigned a prescriptive designation of: 1) Marked (M), 2) 
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Non-Marked (NM), or 3) Diameter-Limit (DL).  This Chapter is concerned with M and 
NM trails only, which we will call the “prescribed” treatments.  Trails were flagged up 
the center from the main trail road to within approximately 40-feet of the back line of 
each trail.  Main trail roads (trails connected to all trail units and to the landing) were also 
designated with flagging. 
Plots 
Within each trail unit, 0.1-acre rectangular plots (80-feet wide x 54.5-feet long) 
were established, centered with their short axis along the flagged trails.  Starting from the 
boundary flag line designated as the outer edge of the main trail road, a plot location was 
randomly selected from one of four possible locations within every 218-foot (54.5*4) 
segment along the longest trail unit within a block (Figure 2.1), thereby giving a 25% 
sample of the site by area.  Corners were established with 24-inch long pieces of 1.5-inch 
diameter pvc pipe, 54.5-feet apart within the segments along the trail unit lines.  All but 
approximately 2-inches of the pvc pipe was driven into the ground. Plots were extended 
perpendicularly across the rest of the block (the other two trails), essentially creating a 
“strip” of 3, 0.1 ac plots (Figure 2.1). 
Each plot was stem-mapped using a Haglof Postex.  The Haglof utilizes 3 
ultrasound sensors to triangulate its tripod center.  A 24-inch long piece of 1.5-inch 
diameter pvc pipe was used to monument the location of the center of the Haglof tripod.  
A nested (100 point minimum), uncorrected GPS point was collected at this location with 
a Trimble GeoXT handheld unit via TerraSync software.  GPS corrections were later 
made in the lab via GPS Pathfinder Office.  Plot data were collected clockwise from due 
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North.  For each tree, species and diameter at breast height (4.5-feet) to the nearest 0.1-
inch were collected manually. Using the Haglof, the angle (to the nearest degree) and the 
distance (to the nearest 0.1-foot) to each tree from tri-pod center were recorded as well.  
Using the corrected GPS point and the distance and angle from tri-pod center to each tree, 
spatial coordinates (lat/long) were established for each stem via trigonometry. 
Prescription 
All plot data were entered into the USDA’s Forest Vegetation Simulator (FVS). 
Potential silvicultural treatment options were evaluated using FVS, objectives from the 
landowners, knowledge gained by reviewing the sites on the ground, and existing 
literature.  By way of this evaluation, a silvicultural prescription was developed for each 
site (Figure’s 2.2 and 2.3).  This prescription applied to M and NM treatments only; the 
third treatment (DL) was designed to leave the same residual basal area by cutting “from 
the top down”, and thus consisted of a diameter limit for each species. 
 
 
 
 
 
 
 
 
 
  
 
50 
Figure 2.2: Prescription generated for the PEF site. 
PEF prescriptions: 
Prescription for marked and non-marked trails: 
 
Silviculturally, this prescription is mostly an improvement cutting, favoring well-formed hardwoods and 
removing poorly formed (UGS) and short-lived intolerant hardwoods. A secondary goal is to gradually 
improve the long-term stocking of valuable conifers (spruce, hemlock, pine) which are currently rare. 
 
1. Achieve an overall removal of 40% by basal area, excluding trails.  (Actual removal will be higher.)  
Target residual BA = 80-85 ft2 per acre. 
2. Remove non-sawlog unacceptable growing stock (UGS) hardwoods below 20” dbh (except smooth 
barked healthy beech), including red maple sprout clumps. 
3. Remove smaller-dbh white ash and basswood with low live-crown ratios.   
4. Removal all short-lived intolerant hardwoods (paper birch, aspen) unless needed to meet item 8. 
5. Remove all merchantable fir. 
6. Remove all hemlock over 18” dbh unless needed to meet item 8. 
7. Release well-formed acceptable growing stock (AGS) hardwood crop trees on at least 3 sides. 
8. Leave 4 trees per acre (or 10 ft2 of basal area) of trees 20” and larger, favoring those with wildlife 
cavities, nests, or other obvious wildlife usage (except porcupine hemlocks). 
9. Retain all rare, valuable hardwoods (yellow birch, red oak) and conifers (red spruce, white pine) 
Prescription for all DL trails: 
 
1. Remove all merchantable balsam fir and paper birch. 
2. Remove all eastern hemlock 13 inches and larger. 
3. Remove all sugar maple 12 inches and larger. 
4. Remove all red maple 10 inches and larger. 
5. Remove all merchantable beech except smooth-barked stems. 
6. Remove all white ash 13 inches and larger. 
7. Remove all bigtooth aspen 16 inches and larger. 
8. Remove all basswood 17 inches and larger. 
Order of Harvesting: 
1. Cut the Non-marked (NM) silvicultural prescription first based on the first set of criteria (1-9) above. 
2. Cut the Marked (M) silvicultural trails second (cut blue-spotted trees). 
3. Cut the Expedient (DL) trails last. 
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Figure 2.3:  Prescription generated for the Bradley site. 
Costs and Benefits of Rigorous Silvicultural Prescription 
Robert Seymour, Sam Grimm (Jan. 2013) 
Bradley BPL prescriptions: 
Prescription for rigorous marked and non-marked trails: 
 
Silviculturally, this prescription is mostly an improvement cutting, favoring well-formed hardwoods and 
removing poorly formed (UGS) and short-lived intolerant hardwoods. A secondary goal is to gradually 
improve the long-term stocking of valuable conifers (spruce, hemlock, pine) which are currently rare. 
 
1. Achieve an overall removal of 40% by basal area, excluding trails.  (Actual removal including trails 
will be higher.)  Target residual BA = 80-85 ft2 per acre. 
2. Remove non-sawlog unacceptable growing stock (UGS) hardwoods (except smooth barked healthy 
beech), including red maple sprout clumps. 
3. Remove small-diameter white ash with low live-crown ratios.   
4. Remove all short-lived intolerant hardwoods (paper birch, aspen) unless needed to meet item 8. 
5. Remove all merchantable fir and ironwood (eastern hophornbeam). 
6. Remove all non-sawlog hemlock and white-cedar over 10” dbh unless needed to meet item 8. 
7. Release well-formed acceptable growing stock (AGS) hardwood crop trees (mainly maples, yellow 
birch, white ash) on at least 3 sides. 
8. Per BPL legacy-tree policy, leave 2 trees per acre (or 5 ft2 of basal area) of trees 18” and larger, 
favoring those with wildlife cavities, nests, or other obvious wildlife usage.  (There are very few such 
trees here, so practically speaking, all were left when marking.) 
9. Retain all rare, valuable hardwoods (red oak) and conifers (red spruce, white pine) 
Prescription for all DL trails: 
 
1. Remove all balsam fir, paper birch, aspen, and hophornbeam. 
2. Remove all eastern hemlock 10 inches and larger. 
3. Remove all sugar maple 14 inches and larger. 
4. Remove all red maple 14 inches and larger. 
5. Remove all beech >5-inches except smooth-barked trees. 
6. Remove all white ash and yellow birch 16 inches and larger. 
7. Remove all cedar 14 inches and larger. 
Order of Harvesting: 
1. Cut the Non-marked (NM) silvicultural prescription first based on the first set of criteria (1-9) above. 
2. Cut the Marked (M) silvicultural trails second (cut blue-spotted trees). 
3. Cut the Expedient (E) trails last. 
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Marking 
Treatments were randomly assigned to trails within each block.  For each M trail, 
the prescription was implemented using blue marking paint to designate all of the trees to 
be cut at both sites. Trees were marked with an approximately 2-inch band all the way 
around the bole at or above breast height, as well as the stump to aid in post-harvest 
assessment. Plots were revisited post-marking and each tree was coded in the plot data as: 
0=residual, or 1=cut. 
In the NM trails, the operator was given the written prescription (Figure’s 2.2 and 
2.3) and instructed to follow it as closely as possible.  To capture cut/leave choices before 
harvest on NM plots without revealing choices to the operator, NM plots were revisited 
and were what will be referred henceforth as “ghost”-marked.  Each tree on NM plots 
was coded (Marking Code) in the plot data as: 0=definite leave-tree, 1=definite cut-tree, 
2=likely cut-tree, or 3=either cut or leave-tree. 
Harvest Operations 
Both sites were harvested in January/February of 2013.  Both operations utilized 
cut-to-length harvesting systems: feller/processors and forwarders.  Forwarders were 
similar on both sites. On the PEF site, a Ponsse Ergo dangle-head harvester/processor 
was utilized, while a Valmet 425 fixed-head harvester/processor was used on the Bradley 
site.  Each site had a separate pair of operators.  While operators were allowed to inspect 
M trails to get a visual sense of the prescription, they were required to harvest all NM 
trails first to avoid any “training” effects.  The overall harvest production (cords/hour) 
was recorded during operations by noting the start and stop times for harvesters on each 
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trail unit and recording the manufactured log before forwarding.  Logs were measured 
manually on the Bradley site, and were recorded by the Ponsee Ergo on the PEF site. 
Post-Harvest Measurements 
Each plot was revisited post-harvest to determine cut/leave status of each tree 
using the pre-harvest stem map.  Additionally, where stems were removed, it was noted 
whether or not this was a result of the location of the trail. 
Residual trees on all plots were inspected for wounds. Damage severity, size and 
location were all recorded.  Damage severity codes followed that of Ofstrofsky et al 
(1986): 1-low, bark contacted but unbroken; 2-moderate, bark broken and wood exposed; 
3-high, bark broken and wood damaged.  Wound length and width (in inches) were 
measured where physically possible.  All other wound lengths and widths were estimated.  
The longest portion of a wound was recorded as the length, and the widest portion of a 
wound was recorded as the width.  Damage location codes were recorded as: 1-bole, 
lower third; 2-bole, middle third; 3-bole, upper third; 4-crown; 5-roots (root collar and 
below).  If a stem had multiple wounds of the same severity in the same location, one 
length and width was calculated and recorded from the wounds additive area.  If a stem 
had multiple wounds of different severities and/or locations, they were recorded 
separately.  Harvester wounds were not distinguished from forwarder wounds. 
Trail width was also measured.  The width of each trail was measured in three 
locations on each plot: where machinery entered the plot, where machinery exited the 
plot, and at the midpoint of the plot.  Measurements were made to the nearest half of a 
foot to the outer edge of where machinery clearly traveled; i.e. rubber tire or steel tracks.  
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All trail centerlines were GPS’d with a Garmin GPSMap 60cs handheld unit.  Average 
trail width and GPS files were utilized in conjunction with ArcGIS 10.0 to calculate the 
total area represented by trails on each site.  
Statistical Analysis 
Logistic regression was utilized for a tree-level analysis via a generalized linear 
mixed model to predict the probability that a residual tree would sustain damage.  A new 
data column was created where all residual trees were coded as “0.”  If the tree sustained 
damage, it was coded as “1.” For this analysis, only severity codes of 2 and 3 (bark 
broken and/or wood damaged) were utilized in determining if a tree was damaged. The 
“residual damage” column was regressed on the fixed effects of marking (M or NM), 
type (MX or HW), and the interaction between marking and type, with site, block, trail 
unit and plot being treated as random effects. The final model form that predicted the 
probability that a residual-tree would sustain damage was (in R-code): 
Model 2.1: 
Model=glmer(Lv.Damage~Marked + Type + Type*Marked + 
(1|Site)+(1|Block)+(1|Trail_Unit) + 
+(1|plot),family=binomial(link="logit"),data=All) 
Model 2.1 was then used to predict the probability that a tree would sustain damage for 
all existing combinations of marking and type.  An AUC statistic, a measure of true-
positives (sensitivity) to true-negatives (specificity), was also calculated for Model 2.1 to 
gauge its predictive accuracy.  
All statistical analysis was performed with the statistical software R (R 
Development Core Team, 2014) and associated packages: lme4 (Bates et al 2014); 
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MASS (Venables and Ripley 2002); pROC (Robin et al 2012); AICcmodavg (Mazerolle 
2014). 
Results 
General results and overall stand impacts: 
The vast majority of damage occurred in the lower third of residual stems  
regardless of marking and type (Figure 2.4).  Residual trees in the hardwood (HW) type  
 
were wounded more often than residual trees in the mixedwood (MX) type (Table 2.1). 
Similarly, average wound size was greater in the hardwood (HW) type compared to the 
mixedwood (MX) type (Table 2.2).   
Figure 2.4:  Location and severity of residual tree damage by Marking and Type. 
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Table 2.1:  Percent of residual trees damaged (severity code 2 and 3) by Site, Type and 
Marking. 
 
Hardwood Mixedwood 
Marked 
Non-
Marked 
Marked 
Non-
Marked 
PEF 20% 27% 13% 5% 
Bradley N/A N/A 15% 4% 
 
 
Non-marked trees in the MX type were wounded less frequently and had smaller 
wounds than marked trees in the MX or HW types (Tables 2.1 and 2.2).  Non-marked 
HW, on the other hand, was more frequently damaged and had larger wounds than did 
marked HW.     
Total trail area was also measured and calculated.  Essentially, this was the total 
amount of unit area necessary to facilitate operations regardless of whether or not trees 
had to be cut for the trails (Table 2.3).  Average post harvest tree spacing for both sites 
was between 17 and 18 feet (trees greater than 5-inches DBH). 
Table 2.3:  Total area in trails by Site. 
  
Unit 
Acres 
Trail 
Width 
Acres of 
Trail 
% of Unit Area in 
Trails 
PEF 20.8 12 3.39 16% 
Bradley 6.9 13 1.18 17% 
 
 
 
Table 2.2:  Average wound size (in
2
) by Site, Type and Marking (severity code 2 and 3). 
  
Hardwood Mixedwood 
Marked 
Non-
Marked Marked 
Non-
Marked 
PEF 36 43 20 11 
Bradley N/A N/A 22 4 
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Probability of residual tree damage: 
Many iterations of Model 2.1 were explored, including interactions among 
potential variables.  Variables such as species, basal area (BA), trees per acre (TPA) and 
tree distance from the trail were included in the original model; however, they were not 
found to be significant predictors (at p<.05) and were dropped from the final model.  
Type was a significant predictor.  Marking was not a significant predictor by itself; 
however, the interaction between Marking and Type was significant.  Thus both variables 
were left in the model individually and as an interaction.  Fit statistics for Model 2.1 
(parameter estimates, etc.) are listed in Table 2.3. 
Table 2.4:  Fit statistics for Model 2.1. 
 
Parameter 
estimate 
p-value SE 
Random 
Effect SD 
Intercept -1.1499 0.0000125 0.2632 - 
Marking -0.3023 0.3923 0.3541 - 
Type -1.9636 0.0000688 0.4933 - 
Type*Marking 1.6026 0.00675 0.5916 
 
Site - - - >0.0001 
Block - - - >0.0001 
Trail_Unit - - - >0.0001 
Plot - - - >0.0001 
 
An AUC value of 0.61 was calculated to gauge expected performance of probabilities 
generated from Model 2.1. Mean probability that a tree would sustain damage was 
calculated for each Marking and Type combination and is reported in Table 2.4. 
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Table 2.5:  Mean probability a residual tree will sustain damage by Marking and Type. 
Combination Mean SE Confidence Interval 
HW_M 0.1896 0.0363 (.1628, .2164) 
MX_M 0.1402 0.0271 (.0204, .0301) 
HW_NM 0.2405 0.0480 (.2065, .2744) 
MX_NM 0.0425 0.0169 (.0377, .0473) 
Discussion 
Probability a residual tree will sustain damage: 
Model 2.1 indicated that both Type and Marking were significant in predicting the 
probability that a residual tree sustained damage.  Clearly, HW residual trees were 
damaged more frequently and sustained larger wounds than did MX (Tables 2.2 and 2.3).  
Also, a visual inspection of Figure 2.4 indicates that HW arguably suffered a slightly 
greater severity of wounding, particularly in the bark broken/ wood exposed and wood 
damaged categories. 
 Cline et al (1991) found a similar trend with regard to damage between HW and 
MX (and used similar damage criteria), although the frequency of damage in this study 
was higher (24% M and NM combined) in HW stands compared to Cline et al’s (1991) 
work (14%).  Damage frequency in MX stands was similar in both studies.  
Several authors have reported stand damage ranges from studies in the Northeast similar 
to this study although stand types and/or harvest systems varied.  Ostrofsky et al (1986) 
(WT harvested) reported a damage frequency range of 22-53% for HW stands.  In two 
CTL studies in predominantly softwood stand types ((Heitzman and Grell 2002; Heisel 
2013), residual damage ranged from 25-57%.  Benjamin et al (2013) reported stand 
damage (moderate and high categories only) from a CTL system in a predominantly 
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softwood stand type, with the same trail spacing as this study, ranging from 
approximately 17-32%.  
While this study was harvested via a CTL system and the Cline et al (1991) study 
investigated WT harvests, the explanation for higher relative damage in HW versus MX 
is likely the same due to the tendency of HW trees to have large/thick branches with 
spreading crowns that may make felling and processing cumbersome in partial harvest 
prescriptions.  Additionally, the relatively thinner bark of hardwoods may contribute to 
their apparent tendency to be wounded more often.  Softwoods, on the other hand, with 
their general conical shape, smaller branches and thicker bark may contribute to these 
stand types being wounded less often (and less severely). 
The result of the Marking/Type interaction as a significant predictor in the 
analysis is difficult to explain.  First, residual stand damage as it relates to tree-marking 
has rarely been studied, so building upon or validating/refuting previous research is 
difficult.  Second, very few damage studies have examined and/or compared HW and 
MX.  The one exception to both of these points would be Cline et al (1991) (again, a WT 
study) who found that marking slightly increased the probability of stand damage but 
also commented that the most and least amount of damage per stand occurred in marked 
stands.  For this study, the probability of damage increased in the same pattern 
(increased) from unmarked-marked for MX (4 to 14%), but decreased for HW (24 to 
19%) (Table 2.4).  
While Cline et al (1991) did not comment on the probability, their data show the 
opposite result; ie, residual HW stand damage frequencies were higher in marked stands 
and MX residual stand damage was lower in marked stands.  As Cline et al (1991) points 
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out, “foresters and loggers frequently comment that marking trees to cut often leads 
machines into positions that increase the likelihood of injury to leave-trees.”  This, in 
combination with factors such as timber size and improper implementation of the 
prescription, for instance, may contribute to differences in results.  For example, via the 
prescriptions item #8 (Figure 2.2 and 2.3), larger trees than 18-inches could be harvested 
provided the residual requirement was met.  This would have applied mostly in MX on 
the PEF as eastern hemlock made up much of the basal area in larger diameters (Figure 
2.2).  This was implemented to the letter on marked plots; as such, operators were forced 
to harvest the trees that were often considered “over-size” for a harvesting machine; 
several cuts per stem were necessary for falling and direction/control was minimal at 
times, perhaps causing more damage.  In NM stands, where operators made the choices, 
they may have decided they needed the large trees to meet the prescriptive requirement, 
thus avoiding the issues just described and perhaps avoiding additional residual damage 
at the same time.  This may be the reason why, for instance, that two large diameter 
(approx. 24 inches) eastern hemlock cut-trees were left on NM plots and no larger 
diameter cut-trees were left on M plots (Appendix B).  
Additional observations/recommendations for additional study and conclusions: 
 One of the seemingly more obvious potential predictors that was not a significant 
predictor in this study was stem distance from trail.  This has been found to be a 
significant predictor of residual stand damage in other WT and CTL studies, but not in 
Cline et al (1991).  It is mentioned here because this study was focused on variables that 
predicted the probability of damage due to marking (or not), not necessarily damage due 
to any variable.  Because the result seemed peculiar, some time was spent looking at 
  
 
61 
distance from trail as a predictor of damage without marking in the model.  In both cases, 
distance to trail was not a significant predictor. 
 Operator experience and machine type/size are often referred to when describing 
differences in residual stand damage.  Skill level of the operator can be difficult to gauge.  
For this study, both operators and machine types were different at each site.  The PEF site 
was harvested with a Ponsee Ergo dangle-head harvester/processor while the Bradley site 
was harvested with a Valmet-425 fixed-head harvester/processor.  General observation 
was that the Ponsee, rubber-tired, with long boom length and articulated body, was far 
more maneuverable than the tracked, short boom Valmet at Bradley.  In fact, because it 
was so versatile, the Ponsee rarely left the trail, whereas the Valmet had to drive to nearly 
every tree.  The Ponsee was generally more productive than the machine on Bradley 
(Figure 1.11 and Table 1.14).  Heisel (2013) studied CTL machine productivity rates for 
several models of harvester in Maine (all dangle-head), including similar machine types 
used in this study.  Production rates in Table 1.15 are very similar to those reported by 
Heisel (2013) for the respective machine types.  While production rates were definitely 
different between sites, mean production between M and NM plots was nearly identical 
within the sites (Table 1.15).  We therefore reject a common notion that marking speeds 
up production because operators did not need to worry about silvicultural choices.  Due 
to the differences between machines, it seemed logical that damage patterns may also 
differ; however, there were no data to support that machine or operator was a significant 
predictor of damage in this study.  Each operator had well over a decade of experience 
operating harvesting machinery throughout Maine in numerous stand and prescription 
types. 
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Seasonality may be a contributing factor to residual stand damage particularly in 
the spring, when “bark slippage” often occurs due to high levels of flowing sap.  This 
study, however, was treated (HW and MX) during cold conditions in the winter, and as a 
result, damage due to seasonality was not a factor in either stand Type. 
Benjamin et al (2013) suggest that one of the most important and substantial 
forms of stand damage due to harvesting is crop tree loss to trails. They reported that this 
loss accounted for approximately 14% of the planned residual BA for a treatment 
utilizing the same trail spacing as this study (80-feet).  This loss accounted for 
approximately 12% of the planned residual BA in this study regardless of marking.  
Marked treatment losses were lower than NM treatments for both the PEF and Bradley 
sites (and were very low for Bradley-M) (Table 1.5 and Figure 1.8).  As alluded to in 
Chapter 1, this could be the result of an operator “weaving effect” at Bradley, which may 
be attributable to marking, but there were slightly lower initial trail BA’s for M 
treatments on both sites and Bradley had approximately half the BA in trails than the PEF 
(M or NM) (Table 1.5).  
Analogous to Benjamin et al’s (2013) crop tree loss to trails, residual stand 
damage may also be described by quantifying improper prescription implementation and 
the loss of crop trees thereof.  See Chapter 1 for a discussion on the efficacy of 
prescription implementation with and without marking paint.  As Figure 1.8 illustrates, 
approximately 25-32% of planned residual BA in NM plots was lost to trails and 
incorrect prescription implementation (losses roughly split 50/50 between trails and 
incorrect decisions).  This was only 6-18% in M plots, with the majority of the loss 
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coming from trails (i.e., very little loss from prescription implementation with marking 
paint).          
In general, this study falls within the range of other damage studies conducted in 
the Northeast with regard to: common wound location (lower third of the bole), root and 
crown wounds rare, average wound size and frequency.  While perhaps not conclusive, 
this study also adds some support to Cline et al’s (1991) work while reiterating the 
potential importance of tree-marking, and that its effect on residual stand quality deserves 
more attention.       
What is more interesting is whether or not we avoid damage at the cost of 
misinterpreting prescriptions; and shouldn’t this also be considered damage?  Stand 
damage is not merely the physical scarring of residual trees, post harvest soil bulk density 
or crop trees loss to trails.  It may be argued that another contributor to stand damage 
would be: proper prescription implementation (or lack thereof).  Further, it brings forth 
the more important broad idea of the trade-off between residual stand damage and proper 
prescription implementation and asks the question: what is the appropriate or acceptable 
combination of the two?  
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APPENDIX A 
 
Table A.1:  Coded residual trees cut on M and NM plots on both Sites. 
Site Plot Species Tree DBH Marked Cut 
PEF 11 ab 16 4.7 Y Y 
PEF 34 sm 7 4.7 N Y 
PEF 39 eh 16 4.8 Y Y 
PEF 42 hh 1 4.8 N Y 
PEF 28 sm 25 4.8 N Y 
PEF 29 sm 4 4.9 N Y 
PEF 39 rm 23 5 Y Y 
PEF 13 sm 32 5 Y Y 
PEF 41 hh 11 5.1 Y Y 
PEF 25 sm 25 5.1 Y Y 
PEF 6 sm 13 5.2 N Y 
PEF 9 sm 4 5.2 N Y 
PEF 27 sm 13 5.2 Y Y 
PEF 2 sm 36 5.3 Y Y 
PEF 23 sm 26 5.3 N Y 
PEF 34 sm 1 5.3 N Y 
PEF 13 rm 34 5.5 Y Y 
PEF 23 sm 19 5.8 N Y 
PEF 28 sm 27 5.8 N Y 
PEF 29 sm 24 5.8 N Y 
PEF 35 sm 14 5.8 N Y 
PEF 24 yb 18 5.8 N Y 
PEF 35 hh 9 6.2 N Y 
PEF 25 sm 37 6.2 Y Y 
PEF 28 sm 10 6.2 N Y 
PEF 23 sm 6 6.3 N Y 
PEF 16 wa 27 6.5 Y Y 
PEF 6 sm 16 6.6 N Y 
PEF 28 sm 17 6.7 N Y 
PEF 28 sm 30 6.7 N Y 
PEF 39 sm 22 6.8 Y Y 
PEF 9 sm 22 7 N Y 
PEF 14 sm 9 7 N Y 
PEF 35 sm 1 7 N Y 
PEF 39 sm 6 7.3 Y Y 
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Table A.1 continued. 
Site Plot Species Tree DBH Marked Cut 
PEF 13 sm 25 7.4 Y Y 
PEF 23 eh 25 7.7 N Y 
PEF 28 sm 22 7.9 N Y 
PEF 9 sm 18 8 N Y 
PEF 10 sm 21 8 N Y 
PEF 13 sm 31 8.1 Y Y 
PEF 9 sm 27 8.3 N Y 
PEF 10 sm 3 8.3 N Y 
PEF 20 sm 11 8.4 N Y 
PEF 25 bf 5 8.5 Y Y 
PEF 11 sm 13 8.7 Y Y 
PEF 11 wa 9 9.1 Y Y 
PEF 23 sm 17 9.3 N Y 
PEF 2 wa 30 9.4 Y Y 
PEF 42 sm 15 9.6 N Y 
PEF 15 wa 13 9.7 N Y 
PEF 34 wa 16 10.2 N Y 
PEF 13 sm 28 10.5 Y Y 
PEF 9 sm 16 11 N Y 
PEF 9 sm 15 11.2 N Y 
PEF 39 eh 5 11.4 Y Y 
PEF 28 eh 11 12.1 N Y 
PEF 34 wa 15 12.8 N Y 
PEF 34 wa 17 13.8 N Y 
PEF 34 bt 24 14.4 N Y 
PEF 13 rm 29 15.9 Y Y 
PEF 3 sm 10 16 N Y 
Bradley 4 hh 12 4.6 N Y 
Bradley 13 rm 25 4.8 N Y 
Bradley 10 sm 1 5 N Y 
Bradley 8 sm 15 5.1 N Y 
Bradley 1 wa 7 5.1 N Y 
Bradley 4 sm 10 5.3 N Y 
Bradley 10 hh 21 5.5 N Y 
Bradley 6 sm 15 6.4 Y Y 
Bradley 8 sm 11 6.5 N Y 
Bradley 13 rm 26 6.6 N Y 
Bradley 8 sm 21 6.9 N Y 
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Table A.1 continued. 
Site Plot Species Tree DBH Marked Cut 
Bradley 9 wa 22 7 Y Y 
Bradley 4 sm 13 8.8 N Y 
Bradley 10 wa 11 8.9 N Y 
Bradley 10 rm 27 9 N Y 
Bradley 1 sm 25 9 N Y 
Bradley 4 sm 1 11.8 N Y 
Bradley 9 sm 15 13.7 Y Y 
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APPENDIX B 
 
 
Table B.1:  Coded cut-trees left on M and NM plots on both Sites. 
Site Plot Species Tree DBH Marked Left 
PEF 34 hh 22 4.6 N Y 
PEF 15 hh 31 4.7 N Y 
PEF 28 hh 14 4.7 N Y 
PEF 28 hh 13 4.7 N Y 
PEF 23 rm 7 4.7 N Y 
PEF 34 rm 12 4.8 N Y 
PEF 28 rm 3 4.9 N Y 
PEF 9 sm 5 4.9 N Y 
PEF 14 hh 18 5 N Y 
PEF 10 hh 2 5.1 N Y 
PEF 42 hh 22 5.1 N Y 
PEF 42 ab 17 5.3 N Y 
PEF 13 ab 7 5.3 Y Y 
PEF 14 hh 16 5.3 N Y 
PEF 28 hh 36 5.4 N Y 
PEF 2 eh 34 5.7 Y Y 
PEF 10 hh 17 5.7 N Y 
PEF 23 bf 15 6 N Y 
PEF 16 bf 9 6 Y Y 
PEF 38 hh 8 6.3 N Y 
PEF 42 rm 12 6.3 N Y 
PEF 25 ab 12 6.5 Y Y 
PEF 28 rm 2 7 N Y 
PEF 23 rm 12 7 N Y 
PEF 42 ab 10 7.2 N Y 
PEF 30 sm 12 7.4 Y Y 
PEF 38 rm 11 7.7 N Y 
PEF 42 rm 11 7.9 N Y 
PEF 42 rm 13 8.2 N Y 
PEF 34 rm 30 8.3 N Y 
PEF 15 wa 5 8.5 N Y 
PEF 3 rm 9 9.1 N Y 
PEF 29 sm 28 9.1 N Y 
PEF 29 wa 21 9.2 N Y 
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Table B.1 continued. 
Site Plot Species Tree DBH Marked Left 
PEF 34 rm 13 9.5 N Y 
PEF 38 bf 5 9.8 N Y 
PEF 23 rm 1 10 N Y 
PEF 29 rm 3 10.6 N Y 
PEF 2 rm 12 11.3 Y Y 
PEF 15 rm 18 11.4 N Y 
PEF 3 wa 22 11.5 N Y 
PEF 15 rm 11 11.6 N Y 
PEF 6 wa 15 11.6 N Y 
PEF 34 rm 26 12 N Y 
PEF 28 bw 19 12.1 N Y 
PEF 42 rm 3 12.1 N Y 
PEF 20 rm 1 12.3 N Y 
PEF 15 rm 32 12.5 N Y 
PEF 34 wa 9 12.9 N Y 
PEF 2 wa 31 13.5 Y Y 
PEF 6 wa 6 14.2 N Y 
PEF 20 eh 17 14.4 N Y 
PEF 3 rm 15 15.2 N Y 
PEF 24 eh 16 17.4 N Y 
PEF 25 sm 35 17.9 Y Y 
PEF 10 eh 22 23.9 N Y 
PEF 35 eh 15 24.8 N Y 
Bradley 13 bf 27 4.6 N Y 
Bradley 11 hh 11 4.6 Y Y 
Bradley 11 hh 13 4.7 Y Y 
Bradley 8 wc 29 4.9 N Y 
Bradley 1 bf 16 5.3 N Y 
Bradley 1 bf 15 6.1 N Y 
Bradley 1 hh 10 6.3 N Y 
Bradley 10 sm 4 7 N Y 
Bradley 13 rm 11 7.1 N Y 
Bradley 1 hh 11 7.3 N Y 
Bradley 4 rm 16 8.5 N Y 
Bradley 10 sm 29 9 N Y 
Bradley 8 sm 5 9.3 N Y 
Bradley 2 sm 26 9.4 Y Y 
Bradley 10 wa 8 9.4 N Y 
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Table B.1 continued. 
Site Plot Species Tree DBH Marked Left 
Bradley 8 sm 17 9.5 N Y 
Bradley 10 rm 13 10.9 N Y 
Bradley 10 rm 3 11 N Y 
Bradley 8 rm 9 11.1 N Y 
Bradley 4 rm 17 11.6 N Y 
Bradley 8 rm 7 12.1 N Y 
Bradley 8 rm 8 13.1 N Y 
Bradley 10 rm 5 16.5 N Y 
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